Composite blue films of inorganic particles (SiO2, Al2O3 and TiO2) with phthalocyanine (MPc, M = Cu and Pb) were prepared by electrophoresis of protonated MPc using dichloromethane solutions containing trifluoroacetic acid, particles and MPc. The charging of the particles by the adsorption of protonated MPc species from the solution was ascribed to the electrophoresis of these particles. In this way, composite film of MPc with the inorganic particles was formed. SEM images of the composite film reveal a uniform distribution of the particles throughout the composite film, and most of the particles were bonded by fibrous MPc crystallites.
Since their first synthesis early last century, research on phthalocyanines (MPc, Fig. 1 ) has increased due to their chemical stability and strong color. Therefore, they are used as dyes, pigments 1, 2) , and in many devices as pure or composite thin films 2, 3) . However, they have poor solubility in aqueous as well as organic solvents. Therefore, the technique for the preparation of their thin films from MPc monomers is limited to vacuum sublimation. Recently, we reported the wet processes for thin film formation of phthalocyanine particles by micelle disruption method using redox-active surfactants [4] [5] [6] , and by the electrophoretic deposition method 7) . In the literatures 8, 9) , it has been reported that some phthalocyanines could be dissolved in some organic solvents containing various kinds of acids and these dissolutions are due to the stepwise protonation of periferic aza nitrogen atoms of the phthalocyanines. In previous studies by us 10, 11) and Su et al. 12) , the electrophoretic deposition of the MPc film from monomers of protonated MPc using trifluoroacetic acid (TFAA)/organic solvent solutions was reported. Later, Takada et al. reported that CuPc films prepared using this method exhibit a p-type semiconducting behavior 13) . In this paper, we report the electrophoretic preparation of composite MPc (M = Cu and Pb) films with inorganic particles (SiO2, Al2O3 and TiO2) from their dispersed particles using organic solutions containing TFAA. The mechanism of this film formation is discussed based on the adsorption equilibrium among inorganic particles and protonated MPc.
All chemicals used in the present investigation were reagent grade and were used without further purification. As inorganic particles, SiO2 (0.48 µm, Nippon Shokubai Co. Ltd), α-type Al2O3 (1 µm, Wako Pure Chem. Ind. Ltd.) and TiO2 (0.1 -0.3 µm, Wako Pure Chem. Ind. Ltd.) were used. A known amount of MPc and inorganic particles were dispersed in the dichloromethane (DCM) containing TFAA (Kanto Chemicals, Jpn.) by stirring the mixture for about 30 min. The electrophoretic cell consisted of a copper plate (20 mm 40 mm) as an anode and an ITO plate (15 mm 40 mm) as a cathode. These electrodes were fixed vertically at a distance of 10 mm in parallel position and this cell was immersed in the above solution. Potential of 40 V (10 4 Vm -1 ) was applied using D.C. power regulator (B418A-125, Metronix Jpn.) for 1 or 5 min. The films were dried naturally in air. The amount of MPc in the composite film was determined by dissolving the film in DCM containing 1 M TFAA and analyzed colorimetrically using UV/VIS spectrophotometer (V-560,
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Mitsuharu IMAMURA*, Nabeen K. SHRESTHA*, Hitoshi OGIHARA* and Tetsuo SAJI* , † JASCO, Jpn.) 11) . The percentage of the inorganic particle in the composite film was determined using an energy dispersed X-ray micro-analyzer (EDAX Eagle µ-Probe) coupled to the SEM. Surface and cross-sectional morphologies of the composite films were analyzed using a FE-SEM (S-800, Hitachi, Jpn.). All the experiments were performed at 25 ˚C.
The change in color of a dispersion of β-CuPc particles in DCM from blue into green to purple by the addition of a small amount of TFAA was ascribed to the following equilibrium reactions from the analysis of their electronic absorption spectra 11, 12) :
(1) (2) where HA represents the TFAA.
The ionization of TFAA in TFAA/DCE solution is enhanced by addition of CuPc. The CuPc molecule may make the ionization equilibrium change to dissociate TFAA into A -and H + and forms the protonated species of CuPc. While most of these proton adducts may form ion pairs with A -in the solvent having such a low dielectric constant, the dissociation of these ion pairs may result in the increase of the electric conductivity of the solution 11) .
A CuPc blue film was formed on an ITO cathode by application of 40 Vcm -1 between two plates using a DCM solution containing 1 mM CuPc and 1 M TFAA. A similar blue film of PbPc was also formed using the same method. The deposition of MPc on the cathode indicates that the positively charged species generated by the dissociation of ion pairs of the protonated species migrate to the cathode. From
. , the equilibrium constants, the positively charged species in the 1 mM MPc electrophoretic bath containing 1M TFAA may be mainly the MPc diprotonated species 11) . The electronic absorption spectrum and XRD analysis of the CuPc film reveals that the film consists mainly of α-type CuPc 11) . FE-SEM images of the surfaces and cross sections of the CuPc and PbPc films prepared in the present investigation show that the films are composed of fibrous crystallites and the shapes are different from those used for preparation of the electrophoretic bath 11) . Generally, MPc crystallites prepared by the sublimation technique have been reported to be granular or columnar 14) . SEM images of the surfaces of these films prepared in the present investigation are shown in Fig. 2 . These micrographs show that the films are composed of fibrous crystallites, the shapes of which are different from those used for preparation of the electrophoretic bath.
When SiO2 particles, 1 mM β-CuPc and 1 M TFAA were added into the DCM electrophoretic bath, the color of a dispersion turned into green to purple. There are two kinds of proton adducts of CuPc, CuPcH + and CuPcH2 2+ in a CuPc solution containing TFAA. A blue film with whitish tone was obtained by application of 40 V (4 10 3 Vm -1 ) between two plates for 1 min. Similar blue films of Al2O3 and TiO2 particles with CuPc or PbPc were obtained by the same method. The surface and cross-sectional morphologies of typical composite films of SiO2 with CuPc, SiO2 with PbPc, and Al2O3 with PbPc prepared in the present investigation are shown in Figs. 3 and 4 , which reveal a uniform distribution of the particles throughout the composite film. As can be seen from this image (Fig. 3) , most of the deposited particles were bonded by the fibrous CuPc crystallites. The structure of these fibrous crystallites correlates with those of CuPc film in Fig. 2 . The content of inorganic particles in the composite was found to increase with the increment of the loading of these particles in the bath (Fig. 5) . The order of the amount of the particles in the composite film for three different particles as shown in Fig. 5 was as follows: SiO2 Al2O3 TiO2
The difference is ascribed to the different degree of adsorption of protonated MPc on the surface of the particles in the electrophoretic bath, but the factors that control the degree of adsorption of protonated MPc cannot be explained at present. Particle size of SiO2, Al2O3, and TiO2 are 0.48 µm, 1 µm, and 0.1 ~ 0.3 µm, respectively; therefore, particle size seems not to determine the amount of adsorption of protonated MPc. Probably, the type of surface functional groups on the particles or acidity of the particles would affect the adsorption of protonated MPc. The particle content increased initially and then leveled off after a certain increment of the particle loading. The SEM and EDX spectroscopic analysis of the composites revealed that no deposition of the inorganic particles took place at any concentration of TFAA without MPc in the bath. As shown in our previous paper, the conductivity of the mixture solution of TFAA and organic solvent was experimentally zero unless a small amount of CuPc was dissolved into this solution 11) . Therefore, there might not be ionic species in the solution without any MPc. In these situations, the charging of the particles by the adsorption of ionic species from the solution probably could not take place and the particles might not have enough charge to interact with the applied electrical field to exhibit the phenomenon of electrophoresis. This result supports the observation that there was almost no generation of free proton by the addition of TFAA into the organic solvents during the present study without addition of a small amount of MPc. The composite film formation may take place in the same way as that of the MPc film. The protonated MPc and the free protons get adsorbed on the surface of the inorganic particle, and this adsorption charges the particles positively. These charged particles and protonated MPc migrate to the cathode under the applied electric field. On arriving at the cathode surface, the protons of adsorbed protonated MPc may be reduced to form monomeric MPc and hydrogen, and this leads to the discharging of the particles. In this way, the composite film of the inorganic particles with MPc may be formed.
Composite films of phthalocyanines MPc (M = Cu and Pb) with inorganic particles (SiO2, Al2O3 and TiO2) were prepared by electrophoretic method using DCM solution containing TFAA. The positive charging of the particles by the adsorption of protonated MPc from the solution was ascribed to the electrophoresis of the inorganic particles. This technique can be applied to formation of the composite of a large variety of phthalocyanines with inorganic particles and such composite films may be applied to devices in various fields. 
